Spin polarized transport over 5 m long carbon nanotubes ͑CNTs͒ is observed in magnetically assembled spin valves with electrochemically deposited ferromagnetic ͑FM͒ electrodes. An annealing procedure is developed to produce stable devices with highly transmissive FM/CNT contacts. The devices exhibit magnetoresistance ͑MR͒ with magnitudes up to 4%, and the sign of MR is consistently negative. The temperature dependence is investigated and MR is observed up to 14 K. Bias dependence is also investigated, with MR persisting up to ϳ300 mV. © 2006 American Institute of Physics. ͓DOI: 10.1063/1.2221910͔ Carbon nanotubes ͑CNTs͒ have attracted considerable interest for spin-polarized electronics because their ballistic conductance and low spin-orbit coupling are ideal for coherent spin transport over macroscopic distances.
In this letter, we investigate spin-polarized transport in multiwalled-CNT spin-valve devices produced by a magnetic assembly technique. 7 Postassembly annealing improves the electrical contact between the CNT and the FM electrodes. We observe spin transport over 5 m with MR magnitudes up to 4% in Co/CNT/Ni and Co/CNT/Co lateral spin valves, and the sign of MR is consistently negative. This is different from what is expected in the Julliere model, 8 and raises interesting questions. In addition, we observe evidence that suspending the CNT may improve spin transport properties, and identify a possible relation between nonlinear currentvoltage ͑I-V͒ characteristics and MR magnitude.
Samples are fabricated by a magnetic assembly technique described in detail elsewhere. 7 Briefly, multiwalled CNTs are grown vertically on SiO 2 / Si substrates by chemical vapor deposition ͑CVD͒ and Ni caps are deposited onto the free end of the CNT by thermal evaporation. The capped CNTs are released from the substrate and dispersed in a solution of dimethylformamide ͑DMF͒ using hexyl amine to exfoliate the van der Waals aggregates. A drop of this CNT solution is placed onto prepatterned Ni, Co, and Au electrodes with geometry shown in Fig. 1͑a͒ . The FM electrodes are fabricated by electrodepositing FM thin films on gold electrodes. The magnetic properties of electrodeposited FM films on gold substrates have been investigated by magnetooptic Kerr effect ͑MOKE͒. Room temperature magnetic hysteresis loops for electrodeposited Co films typically show sharp magnetization switching but with remanence below 100% ͓Fig. 1͑d͒, inset͔. Ni films also exhibit similar magnetic hysteresis loops. The CNTs are assembled across the electrode gap using an external magnetic field of ϳ300 G. Typically, the FM thicknesses are 200-300 nm, CNT diameters are 50-75 nm, and the number of CNT in a conducting device is between one and four.
The as-assembled devices typically have room temperature resistances above 10 M⍀ ͓Fig. 1͑b͔͒. In addition to the high contact resistance, we also observe abrupt resistance jumps of several percent a few times each hour. We believe these undesirable electronic properties are related to residual DMF and hexyl amine adsorbed on the CNT. We find that mild anneal at 400 K in a dynamic vacuum of 10 −3 Torr of inert He gas causes the resistance to steadily decrease over the course of 1 h ͓Fig. 1͑b͒ shows the final resistance at 400 K͔, suggesting that a more aggressive annealing procedure could improve the devices.
The optimized annealing procedure is illustrated in the inset of Fig. 1͑c͒ . The devices are annealed in Ar/ H 2 ͑10:1͒ gas at atmospheric pressure at 675 K for 30 min, followed by a 725 K anneal for 5 min. Notably, atomic force microscopy ͑AFM͒ measurements indicate that the CNTs become submerged in the Co and Ni electrodes. We verify that nei- ther Co nor Ni flows onto the CNT by performing local energy dispersive x-ray spectroscopy in a scanning electron microscope ͑SEM͒. After annealing, the room temperature resistance is greatly reduced with most samples below 30 k⍀, as shown in Fig. 1͑c͒ , and the resistance increases by a factor of 2-3 as the device is cooled to 2 K ͓Fig. 1͑d͔͒. 9 Furthermore, the random resistance jumps are largely suppressed. The lowest resistance for a device with a single multiwalled CNT was 6.8 k⍀; strong covalent interactions between -rehybridized carbon atoms of the CNT and Ni or Co could be responsible for the highly transmissive contacts. 10, 11 Low temperature magnetotransport measurements are performed in a Quantum Design physical property measurement system to control the temperature ͑1.75-400 K͒ and magnetic field ͑up to 14 T͒. The two terminal differential resistance is measured using standard ac lock-in techniques with an excitation voltage of 100 V. Unless otherwise noted, the differential resistance is measured at zero bias. Magnetic fields are applied in the plane of the device and transverse to the CNT, as shown in Fig. 1͑a͒ . Prior to the magnetotransport measurements, the devices are cooled from room temperature to 1.75 K in a magnetic field of 1 T to promote larger FM domains in the presence of surface antiferromagnetic oxides. Figure 2 shows the magnetotransport measurements for three representative Ni/CNT/Co devices whose characteristics are listed in Table I . Figures 2͑a͒-2͑c͒ show the differential resistance of samples A, B, and C as the magnetic field is swept from −3000 to 3000 G and back to −3000 G at a ramp rate of ϳ10 G / s. All three samples exhibit hysteretic curves that are consistent with spin-polarized transport. We operationally define the magnetoresistance as
where ͑dV / dI͒ ap and ͑dV / dI͒ p are the differential resistances of the antiparallel and parallel states, respectively. MR magnitudes up to 4% have been observed in devices with electrode gap spacing ranging from 0.5 to 5 m. We are unable to identify any systematic dependence of MR on the gap spacing due to sample-to-sample variations. Devices consisting of one CNT ͑samples B and C͒ or multiple CNT ͑sample A͒ exhibit MR. The smoother and broader MR curves for sample A ͑compared to B and C͒ may be due to the fact that the MR is mostly sensitive to the magnetization of FM domains in direct contact with the CNT, and in sample A the switching characteristics are averaged over many more FM domains due to the multiple CNTs in the device. Interestingly, all devices in our study show negative MR-the parallel state always exhibits a higher resistance than the antiparallel state. This sample set consists of a total of 17 devices exhibiting MR, including devices undergoing different annealing treatments ͑i.e., temperature and time͒ than described in Fig. 1͑c͒ . This is in contrast to what one would expect in the simple Julliere model 8 considering the bulk Fermi level spin polarizations of Co and Ni ͑35% and 23%, respectively, and with the same sign͒. 12 Thus our observation of negative MR implies additional physical phenomena occurring either at the CNT/FM interfaces or within the CNT itself. We note that earlier work on CNT spin valves has identified positive MR, 5 negative MR, 13 and oscillatory MR as a function of gate voltage. 6 Consequently, we had expected to observe both signs of MR in our sample set. In this context, the consistent observation of negative MR in all our devices is surprising and creates the possibility to systematically investigate its origin. There are several possible explanations for negative MR. One possibility is that oxygen at a Co interface can change the sign of spin polarization. 14 This should result in negative MR for Ni/CNT/Co devices ͑as observed͒, but positive MR for Co/CNT/Co devices in Julliere's model; we, however, observe negative MR in Co/CNT/Co devices. A second possibility is that quantum interferences can change the sign of MR. Sahoo et al. observed oscillatory MR as a function of gate voltage and explained their results quantitatively in terms of the quantum interference model. 6 However, in contrast to what we observe, this model allows for both positive and negative MR. While other models have been proposed to explain negative MR, 15, 16 in considering their relevance to our study it is important to note the following. DMF, hexyl amine, and ammonia used in the CNT synthesis are all sources of nitrogen, 
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which is an n-type dopant for CNT. While ammonia is known to generate nitrogen defect sites in the CNT lattice, DMF and the amine may incorporate nitrogen into the CNT/FM interface during annealing, so that our devices may be qualitatively different than those studied by other groups. 17 Further studies are needed to explain the origin of the MR behavior in our devices.
The temperature dependence of MR is measured in all the devices and the magnitude of MR is plotted in Figs. 2͑g͒-2͑i͒. Typically the devices show MR up to 5 -6 K. However, in sample B, due to the thickness of the Co and Ni electrodes ͑ϳ2.2 m͒, the CNT is found to be freely suspended ͓Fig. 2͑e͔͒ and the MR persists up to 12 K ͓Fig. 2͑h͔͒. This device structure may have implications for the optimization of CNT spin valves. 18 The bias dependence of MR for samples A and B is shown in Fig. 3 . Both samples exhibit a similar dependence, but the MR persists up to different biases for the two samples. A similar bias dependence was observed previously in Co/CNT/Co devices 19 and multilayer magnetic tunnel junctions. 20 There is no change in the sign of MR in the bias regime studied.
Because sample C has Ni and Co electrodes that are thinner ͑ϳ30 nm͒ than the CNT ͑ϳ50 nm͒, the CNT does not become fully submerged into the electrodes during the annealing process. The thinner FM layers cannot anchor the CNT as effectively as in samples A and B, and we observe that the zero field resistance changes over the course of three days. Figure 4 shows the MR and the I-V characteristics before and after this change ͑state 1 → state 2͒. Interestingly, the magnitude of MR ͑ϳ4%͒ for state 1 ͓Figs. 2͑c͒ and 4͑a͔͒ is significantly higher than any of the other samples investigated and the I-V curve exhibits the strongest nonlinearity of all samples ͓Fig. 4͑a͔͒. In state 2, the MR is reduced to ϳ1% and the I-V curve is nearly linear. 21 Although the shape of the MR curve has changed considerably, it is the expected shape if the CNT is now in contact with a FM domain that is pinned due to exchange bias with an antiferromagnet ͑e.g., CoO or NiO͒. 22 Further studies using electrostatic gates and more systematic control of the interfaces are needed to understand the origin of the nonlinear I-V and its relationship to the magnitude of MR. Even though the devices with larger gap showed maximum MR, there is no particular dependence of MR on the electrode gap that has been detected in these studies.
For control measurements, we prepare Ni/CNT/Co and Au/CNT/Co devices on the same chip so they can be processed simultaneously. For Ni/CNT/Co, 5 out of 11 conducting devices show MR. For Au/CNT/Co, none of the ten conducting devices shows MR. This suggests that the MR does not arise from single-ended effects as observed recently for ͑Ga,Mn͒As contacts. 23 In conclusion, we have observed consistently negative MR in magnetically assembled Ni/CNT/Co and Co/CNT/Co spin valves. A postannealing procedure has been developed to improve the device stability and contact resistance between the CNT and FM. Voltage bias and temperature dependence of MR have been investigated. Finally, we find evidence that suspending the CNT may be beneficial for spinpolarized transport and we observe a possible connection between nonlinear I-V and MR magnitude.
